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Hox genes are a class of Antennapedialike homeobox genes that play crucial roles in the patterning of the anterior-posterior axis in most bilaterian animals. They are often organized in a cluster in the genome and are grouped into anterior, paralogous group3, central and posterior Hox genes, according to their expression along the anteriorposterior axis. The discovery that the expression of orthologous Hox genes along the anterior-posterior body axis followed the same order as in the genome cluster (co-linearity) in vertebrates and Drosophila is one of the paradigms of conserved developmental mechanisms which fueled enormously the revival of evolutionary developmental biology [1, 2] .
This led even to the idea that Hox gene expression along the anteriorposterior axis corresponds to the developmental stage characteristic of a given phylum (i.e. the phylotypic stage) and defines an animal per se [3] . However, no Hox genes could be found in early branching lineages such as sponges, ctenophores and placozoans [4] . This puts cnidarians, the phylum comprising for instance jelly fish, corals and sea anemones and the sister group to bilaterian animals, in a strategic position for understanding the evolution of body axes and the role of Hox genes ( Figure 1A ). Early work had identified six Hox genes in the sea anemone Nematostella vectensis, although the orthology of cnidarian Hox genes remains a matter of debate, especially with respect to the non-anterior Hox genes [5] [6] [7] . Cnidarians have a main body axis called the oral-aboral axis, which extends from the oral, tentacle and mouth-bearing end to the closed, aboral end with the foot or physa. Anthozoans, such as sea anemones and corals, have, however, a second, internal body axis, called the directive axis, marked by the bilateral orientation of retractor muscles within the internal septa or mesenteries ( Figure 1 ). The directive axis is orthogonal to the oral-aboral body axis. As the orally expressed cnidarian Anthox6 belongs to the anterior group of Hox genes, and the aborally expressed Anthox1 was interpreted as a derived posterior Hox gene, it has been proposed that the cnidarian oralaboral axis corresponds to the bilaterian anterior-posterior axis [8] . A recent study analyzed the function of Anthox6 and Anthox1 and showed their opposing roles in the early patterning of the oral-aboral axis in Nematostella [9] . The interpretation of the homology of the cnidarian oralaboral and bilaterian anterior-posterior axis was, however, at odds with other data showing for instance that a suite of topologically linked genes marking the anterior brain region of Bilateria, including Six3/6, FoxQ2, FGFR, and irx, are expressed at the aboral pole of the Nematostella larva [10] . A new paper by Shuonan He, Matt Gibson and colleagues [11] now adds new insights to the ongoing debate, challenging the proposed homology of the cnidarian oral-aboral axis with the anterior-posterior axis of bilaterian animals.
In Nematostella, four of the six Hox genes and the Hox-related homeobox gene gbx are expressed along the 'directive axis', i.e. orthogonally to the oral-aboral axis [8, 12] in the larva. Their staggered expression domains are reminiscent of the Hox patterns in Bilateria, and the boundaries precisely correspond to the positions of the emerging eight mesenteries (endodermal folds that in the adults connect the body wall to the pharynx). The morphological asymmetry of these mesenteries as well as the slit-like pharynx reveals the bilaterality of the sea anemones. In oral views, the eight mesenteries subdivide the body plan into eight chambers ( Figure 1B ). These eight 'segments', as He and colleagues [11] call them, numbered clockwise from 1 to 8, are in fact three bilaterally symmetric pairs of chambers and two unpaired segments at each end of the directive axis. The staggered expression of the three Hox genes investigated and Gbx gives each of these segments a unique Hox/Gbx address. The four even-numbered segments stereotypically define the position of the first four tentacles in the primary polyp.
For the first time, He and colleagues [11] use short hairpin-mediated RNAi knockdown in Nematostella to assess the function of Gbx and Hox genes. Interestingly, CRISPR/Cas9-mediated knockouts showed more unspecific effects, suggesting that the phenotypes of knockdown or knockout techniques have to be carefully assessed. The shRNA-mediated knockdown phenotypes are all consistent and stunning. Knockdown of any given Hox gene abolishes the mesentery at its 'anterior' expression boundary (i.e. towards the boundary of gbx expression), leading to a fusion of the corresponding segments ( Figure 1B ). For instance, knockdown of Anthox1a, expressed only in the mesentery segment #5, leads to the fusion of that segment with the two adjacent segments 4 and 6. Knockdown of Anthox8, which is expressed in segments 4-6, leads to the disappearance of the borders between segments 3/4 as well as 6/7, but retains the borders of segment 5. Strikingly, fusion of specific mesentery chambers also leads to fusion or ablation of the corresponding tentacles, suggesting that the formation of the four tentacles is directly connected to the formation of specific mesenterial segments and not governed by a simple spacing mechanism.
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But more importantly, the tentacle phenotype also allows us to understand what happens to the cells, once a mesenterial segment is fused to its 'anterior' neighbor -they acquire the identity of the segment to which the mesenterial segment was fused ( Figure 1B) . The fusion of segments 4, 5 and 6 upon knockdown of Anthox1a leads to a tentacle-bearing identity of segments 4 and 6. As a result, a fused, single large tentacle emerges from this segment. A tentacle-bearing even-numbered segment, which fuses ''anteriorly'' to its non-tentacle-bearing segment, adopts the identity of the non-tentacle-bearing segment leading to the loss of tentacle from that segment. Thus, it appears that in the normal embryo, the function of Anthox1a overrides the function of Anthox8, which, in turn, overrides the function of Anthox6a, which, in turn, overrides the function of Gbx. This is strikingly reminiscent of the posterior prevalence rule in bilaterian animals. This rule states that in overlapping expression patterns Hox genes with the more posterior expression boundary override the function of the overlapping Hox genes with a more anterior boundary. Thus, the findings of the paper show that a Hox code defines the mesentery identity and boundaries along the directive axis in the sea anemone Nematostella by mechanisms very similar to the homeotic functions of Hox genes in bilaterian animals.
The data presented by He and colleagues [11] make a consistent and convincing case for a role of the Hox/Gbx gene network in patterning of the directive axis. Does that speak in favor of a homology of the directive axis and the anteriorposterior axis? The authors avoid commenting on this point, and only suggest that the system could have become co-opted to anteriorposterior patterning in bilaterian animals. Indeed, a number of controversial issues remain. First, due to the scarcity of phylogenetic signals in the homeobox sequences, the orthology of the Hox genes remains disputed [5] [6] [7] . An obvious question is whether Hox genes in Nematostella follow the collinearity rule. While the fragmentary nature of the Nematostella draft genome currently does not exclude that Hox genes are clustered on one chromosome, it is clear that the cluster is interrupted by non-Hox genes. Notably, in the coral Acropora digitifera, several of the anterior Hox genes and one non-anterior/posterior Hox gene (Anthox1a) are located on the same genomic scaffold [13] . However, the genomic analysis of the Hox genes in both the coral Acropora and the sea anemone Nematostella suggested genomic rearrangements, which placed some genes (e.g. evx) between Hox genes, hence disrupting a contiguous cluster [5, 13] . Moreover, in Nematostella, some of the Hox genes involved in the staggered expression along the directive axis are not found within a typical cluster situation, expected for the colinearity. This shows that independent gene duplications have shaped the cnidarian Hox gene set and that their regulation has been altered. It will be of great interest to reveal the details of the concerted cis-regulation of the Nematostella Hox genes along the directive axis. As one line of evidence in this direction, all Hox genes of the directive axis are under control of a gradient of BMP signaling along the directive axis [14] . The regulation of Hox genes by BMP signaling during early axis formation is rather unusual as in most bilaterians the early embryonic BMP signaling gradient is mostly associated with the establishment of the dorso-ventral body axis. Thus, the regulatory input of the staggered Hox genes in Nematostella may be fundamentally different than in Bilateria. Taken together, the beautiful study by He and colleagues [11] convincingly shows that the staggered Hox code patterns the directive axis by a mechanism strikingly similar to that known in bilaterian animals, but the homology of body axes remains far from resolved [15] .
